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ABSTRACT
Plasma beta is an important and fundamental physical quantity in order to understand plasma dynamics,
particularly in the context of magnetically active stars, because it tells about the domination of magnetic
versus thermodynamic processes on the plasma motion. We estimate the value ranges of plasma beta in
different regions within the solar atmosphere and we describe a possible mechanism that helps forming a
penumbra. For that we evaluate data from a 3D magnetohydrodynamic model of the solar corona above
a magnetically active region. We compare our results with previously established data that is based on
magnetic field extrapolations and that was matched for some observations. Our model data suggest that
plasma beta in the photosphere should be considered to be larger than unity outside of sunspots. However,
in the corona we also find that the beta value range reaches lower than previously thought, which coincides
with a recent observation. We present an idea based on a gravity-driven process in a high-beta regime that
might be responsible for the formation of the penumbra around sunspot umbra, where the vertical field
strength reaches a given threshold. This process would also explain counter-Evershed flows. Regarding the
thermal and magnetic pressure within the mixed-polarity solar atmosphere, including non-vertical magnetic
field and quiet regions, plasma beta may reach unity at practically any height from the photosphere to the
outer corona.
Keywords: magnetic fields – methods: numerical – Sun: chromosphere – Sun: corona – Sun: photosphere
– sunspots
1. Introduction
The value of plasma beta is of high relevance for under-
standing the dynamics of the Sun, in particular if magnetic
or thermodynamic processes dominate in that plasma. Es-
timating β in the solar atmosphere requires knowledge of
the magnetic flux density B that can currently only be mea-
sured with good accuracy by photospheric spectroscopy.
Gary (2001) conducted a 1D potential field extrapolation
from magnetic flux estimates for sunspots and plage areas
in the photosphere, together with solar atmospheric strat-
ifications also taken from relatively old estimates based on
inversion techniques (Vernazza et al. 1981) that consider
only a rather strong, vertical magnetic field. Gary (2001)
artificially stretched the extrapolation to fit observations in
the far-out corona and solar wind.
The 3D magnetohydrodynamic (MHD) simulation we use
for this work is driven by observed photospheric magne-
tograms of a small active region with surrounding quiet
Sun – and features a self-consistently computed magnetic
field and plasma pressure in the corona; see Section 2.
For extrapolations of the coronal magnetic fields, be it
potential or nonlinear force-free, one usually assumes β 
1. Gary (2001) already finds that this regime does not
extend very high up into the corona. In Section 3, we show
that this assumption about plasma beta in the corona can
be violated at any height.
In Section 5, we sketch the formation of penumbra around
sunspots through the strong variability in plasma beta that
helps magnetic fields to change their inclination. Observa-
tional findings already suggest that magnetic field lines fall
from the chromosphere to the photosphere, in particular
not near emerging magnetic flux; see Bello Gonza´lez et al.
(in print).
2. MHD simulation
We performed a 3D MHD simulation of the solar corona
above a small and sunspot-less active region surrounded
by a magnetically quiet region (Bourdin et al. 2013). To-
gether with the resistive and compressible MHD equations,
we also implement the necessary energy sinks to obtain a
realistic energy balance for the corona. The isotropic, spa-
tially uniform, and temporally constant magnetic resistivity
η adds to the thermal energy, while a radiative-loss func-
tion (Cook et al. 1989) and Spitzer-type heat conduction
(Spitzer 1962) remove thermal energy. Together, both set
the coronal plasma density and temperature through a self-
consistent magnetic evolution and energy conversion within
the corona.
At the lower boundary of the simulation domain, we ap-
ply a line-of-sight magnetogram (observed on 2007 Novem-
ber 14 at 15:00–16:00 UTC near disk center by Hinode
SOT/NFI) that we calibrated with the magnetic flux den-
sities B taken from Hinode SOT/SP magnetic vector data
(Kosugi et al. 2007; Tsuneta et al. 2008). The density ρ and
temperature T that we impose on the lower boundary of our
simulation domain match those values in the photosphere
of the Sun. Therefore, the thermal pressure Ptherm (set by
ρ and T ) and the magnetic pressure Pmag (set by B) are
both fixed to known constraints in the photosphere – and
the plasma beta in this layer is hence consistent between
simulation and reality. Also, the atmospheric stratification
above the photosphere is constrained by observed values
(Bourdin 2014).
We compare the modeled coronal EUV-bright structures
and the plasma flows therein with spectra obtained by Hin-
ode/EIS (Culhane et al. 2007). Stereoscopic observations
performed by the STEREO satellites (Howard et al. 2008)
match well with the 3D structure of the coronal loops in
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the model. The coronal loops in the MHD model, and the
plasma flows along them, reflect well their real counterparts
(Bourdin et al. 2013, 2014). Further analyses show this
model heats the corona as required (Bourdin et al. 2015)
and it shows some similarities to earlier scaling laws for
coronal plasma properties (Bourdin et al. 2016).
3. Plasma beta
The plasma beta is the ratio between the thermal pressure
Ptherm and the magnetic pressure Pmag that we compute
from our MHD data as
β =
Ptherm
Pmag
= 2µ0cp
γ − 1
γ
ρT
B2
(1)
with the magnetic flux density B, the plasma density ρ,
the temperature T , the adiabatic index γ, the specific heat
capacity at constant pressure cp, and the magnetic perme-
ability µ0. Averages, minima, and maxima are taken in hor-
izontal layers for each height. Stronger magnetic field (at
constant thermal pressure) implies a smaller plasma beta,
which in the same time means that the plasma motion be-
comes dominated by the magnetic field configuration for
β  1 and, vice versa, magnetic field is dragged with the
plasma bulk flow for β  1. When β is near unity, both
can affect each other.
Gary (2001) states that one should be careful with con-
structing magnetic field extrapolations from the photo-
sphere into the corona because when “moving from the
photosphere upwards, β can return to ∼ 1 at relatively
low coronal heights, e.g., R ∼ 1.2 RS,” which are about
140 Mm in height above the solar surface. We find here
that even this estimate was too conservative and one should
rather expect to find regions with β ∼ 1 already at 50 Mm,
which are about 1.07 RS, when considering a diverse solar
atmosphere, in particular for regions with large variation
in magnetic field strength. One could argue that such up-
per limit estimates of β represent only extreme scenarios,
but we find this picture is consistently similar also for the
mean values of plasma beta. We use the logarithmic mean
between the minimum and maximum values of the plasma
beta in Gary (2001) (dash-dotted in Figure 1) for compar-
ison with our MHD mean β value (blue solid line). While
the logarithmic averaged β in Gary (2001) reaches unity at
230 Mm, we find this happens already as low as 100 Mm in
our computational model. Above 120 Mm, the MHD sim-
ulation’s lowest beta value is even larger than the largest
value in Gary (2001); we see that the leftmost blue dotted
line (MHD minimum β) crosses the vertical gray dashed line
(β = 1) at a lower height than the rightmost dash-dotted
line (maximum β from Gary 2001) in Figure 1. This result
underlines twice the statement from Gary (2001) that asks
for rethinking the paradigm of assuming β would be signif-
icantly lower than unity everywhere in the corona. While
that region spans from 1 to 146 Mm in Gary (2001), we
find it is significantly smaller in a diverse solar atmosphere,
where β is smaller than unity above 5 Mm and below 45 Mm
for our 3D MHD model results.
Only recently have Iwai et al. (2014) reported that their
observation of coronal magnetic field and plasma pressure
leads to a plasma beta that remains inconsistent with the
minimum/maximum range given in Gary (2001); see the
red square in Figure 1, where the size of the square indicates
the uncertainty on the observed plasma beta value. Their
observational results, on the other hand, fits nicely to our
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Figure 1. Plasma beta versus height above the photosphere. The
blue solid line is the mean value for the active region (AR) core area,
as indicated in Bourdin et al. (2013). The dotted lines indicate the
minimum and maximum values within each height layer. The orange
data represent the complement to the AR core in our MHD model,
which is some quiet Sun (QS) and regions surrounding the AR core. In
black we plot the data as taken from Gary (2001); see Figure 3 therein.
With a dash-dotted line we show the logarithmic mean between the
minimum and maximum values of Gary (2001) for clarity. See also
Section 3.
active region data obtained from our MHD model: Even
though their beta estimate is about one order of magni-
tude below the minimum value given in Gary (2001) (black
dotted line), it is well within our average and minimum val-
ues obtained from the active region MHD model data (blue
solid and dotted lines).
Also it is worth mentioning that in principle, when we
look at our surrounding quiet-Sun area, it is at least
theoretically possible that individual atmospheric columns
would have a plasma beta strictly larger than unity, see our
QS maximum value (orange dotted line in Figure 1). Even
though, when we check our model data, we do not find such
vertical atmospheric columns. Hence, the QS maximum
beta values originate from different locations or different
atmospheric columns.
4. Rethinking a paradigm, again?
At this point, we should address the question: how much
do we trust a simulation result? It is a standing paradigm
to trust an observation or a theoretical result more than
a computer model. However, we can indeed rethink this
paradigm when a simulation is driven by one type of obser-
vation, is checked against other observations for its realism,
and keeping in mind that properly solving MHD equations
numerically can be as good as an analytic deduction.
A second paradigm is that atmospheric stratifications
of solar-like stars so far typically assume a radial mag-
netic field configuration. As a consequence of changing this
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paradigm and also allowing for a varying horizontal field
component, one implicitly allows for a more extended chro-
mosphere and a smoother (or wider) transition region to
the corona – in some cases featuring a less steep gradient
in the temperature and being located around 3.5 Mm in-
stead of 2–2.5 Mm above the photosphere, as proposed by
Bourdin (2014). The latter and lower value range for the
height of the transition region is tied to this paradigm and is
supported by multiple works, like the famous VAL-C atmo-
spheric stratification (Vernazza et al. 1981) and the FAL-C
model (Fontenla et al. 1993). These previous studies usu-
ally rely more on observational or theoretical results – and
none of them is building the bridge between observational
and theoretical constraints by the means of a data-driven
numerical experiment that has been checked for its realism
against distinct observations, as we like to define a “trust-
worthy” simulation result.
Finally, changing such paradigms influences the energetic
requirements to sufficiently heat the corona because in-
clined fields transport the energy less efficiently in the ver-
tical direction. This even sets new degrees of freedom for
spectro-polarimetric inversions through the use of different
atmospheric stratifications, which may yield different mag-
netic field strengths and hence magnetic vector orientations.
The consequence for seismology in the solar atmosphere is
that cutoff frequencies for waves being transmitted through
or reflected by various atmospheric layers may deviate from
earlier estimates because of the higher variability in plasma
beta.
5. Penumbra formation
Within sunspots, the magnetic field is rather vertical and
the flux density is about one order of magnitude higher than
in quiet-Sun regions. Therefore, we expect large differences
in plasma beta within and outside of sunspots.
Jurcˇa´k (2011) and Jurcˇa´k et al. (2015) find that a sta-
ble penumbra forms and expands around the umbra of a
sunspot, until the umbra–penumbra boundary reaches a
typical vertical magnetic field threshold of about 1860 ±
190 G. The penumbra is stable if the vertical component
remains below the threshold, while the vertical field within
the umbra exceeds that threshold value. Recent MHD mod-
els of sunspots, even though they contain only some chro-
mosphere and no corona, already indicate that horizontal
magnetic fields, imposed at the upper simulation boundary,
lead to a more extended penumbra (Rempel 2012). Both
findings are not contradictory, instead they suggest that
the magnetic field changes from a vertical to a horizontal
configuration while the penumbra forms.
In the observation of Schlichenmaier et al. (2012), we see
Doppler red-shifts exist at the edges of forming penumbra
patches, exactly where the field inclination changes from
horizontal within existing penumbra to a nearly vertical
field around it; see x = 4′′ and y = 7′′ between 8:50 and
10:13 in their Figure 2. This signature of growing penum-
bra shows that the field inclination becomes more horizon-
tal and simultaneously plasma falls from above. Yet, it is
unclear at this point if the field drags the plasma down or
vice versa. Schlichenmaier et al. (2012) also state that the
formation of a stable penumbra avoids regions of emerging
magnetic bipoles. Such avoided regions typically feature
upflows; see blue-shifts around x = 24′′ and y = 7′′ in their
Figure 2.
Shimizu et al. (2012) report on observational signatures
Figure 2. Sketch of a sunspot (black) with forming penumbra (gray).
The black dashed line indicates the β = 1 level, where magnetic and
thermal pressure are equal. Magnetic field lines that are rooted in
strong magnetic flux from the sunspot remain vertical within the
β < 1 regime. Due to the higher magnetic pressure these field lines
also remain underdense (yellow). Slightly inclined field lines on the
outer boundaries of the sunspot get loaded with mass through cooling
material from above (gray circle). Gravitation tears down overdense
field lines (dark red) that lie in the β > 1 regime, following the red ar-
rows. They finally reach the photosphere, magnetically reconnect, and
trigger a counter-Evershed flow (green arrow). Right of the sunspot,
emerging flux leads to a plasma beta near unity and hinders penumbra
formation because the uprising magnetic structures (blue arrows) give
additional support for the overlying inclined field. See also Section 5.
of an almost horizontal magnetic field in the chromosphere,
surrounding the sunspot umbra, where later a penumbra
forms in the photosphere.
From our simulation results, summarized in Figure 1, we
see that β is larger than unity in the photosphere for mag-
netically quiet regions, while it can be expected to be lower
than unity for strong flux densities within sunspots, which
is similar to the photospheric value range from Gary (2001).
We assume now that the variability of β is higher than
previously estimated in the lower atmosphere. We consider
further that the magnetic connectivity to the corona is sus-
tainably established only if a certain vertical magnetic field
strength is reached. Typically, the magnetic topology of
a field extrapolation from a sunspot looks like a funnel-
shaped flux tube that expands with height in the chromo-
sphere and transition region. This implies that the field
becomes more inclined above the surrounding of a sunspot
than above its center; see Figure 2.
If some mass from above flows down along the field in a
regime where β > 1, like coronal material that cools due
to radiative losses, this material would eventually reach the
β = 1 layer. When we also consider that the vertical field
experiences less stress through gravity, then the inclined
field in the same β regime is gravitationally less stable than
the more vertical field.
Formulated as a vague idea that is consistent with the
observational findings and theoretical considerations men-
tioned above, inclined field lines may be gravitationally torn
down by continuous mass-loading from above – and this
process can start earlier at the boundaries of a sunspot, not
only because of the less vertical field inclination but also be-
cause of the lower total flux density at the surrounding of
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a sunspot, where β reaches unity higher above the photo-
sphere than directly above the sunspot where the field is
stronger and rather vertical; see Figure 2.
Near β = 1, magnetic and thermodynamic processes may
be equally dominant, which means that when a field line
is advected by the plasma, the magnetic connectivity to
the surrounding is still significant and such dynamics have
a strong influence on neighboring field lines. Therefore,
once a penumbra forms by the magnetic field being dragged
down to the photosphere, neighboring field lines also expe-
rience an additional force dragging them down. As a result,
one would expect that additional penumbra forms around
existing penumbra, which is what is observed.
The bipolar field (see the lower left of Figure 2) originates
from a magnetic reconnection process, where field lines that
are dragged down to the photosphere encounter small-scale
fields in the lower atmospheric layers. In a consistent man-
ner, Shimizu et al. (2012) report on an observed vertical
magnetic field in the photosphere that remains remarkably
stable at the outer boundary of the later formed penumbra,
as well as the neighboring opposite-polarity field toward the
sunspot. They draw a magnetic canopy structure (see their
Figure 5) and observe patches with the same polarity as the
sunspot at the location where the footpoints of the canopy
are supposed to be. This proposed canopy structure basi-
cally is the result of the falling and reconnecting field-line
scenario described along our Figure 2.
Also, Romano et al. (2013) observe several sites of
opposite-polarity patches associated with chromospheric
downflows around a pore. The authors conclude additional
support for a canopy-like magnetic structure in the chro-
mosphere before the penumbra forms in the photosphere.
Consistent with this study, Romano et al. (2014) associate
the penumbra formation with an observed change in the
magnetic field inclination around a pore.
The mechanism for penumbra formation proposed here
relies on initially inclined magnetic field. Even though one
can always expect such field around a strong flux concentra-
tion, like a sunspot, the penumbra formation through this
mechanism can be expected to set in preferably where the
field is initially most inclined. Rezaei et al. (2012) suggest
that a reconfiguration mechanism may lead to more inclined
magnetic field at the edge of a sunspot light bridge. As ex-
pected, in their observation the penumbra starts forming
exactly there.
The counter-Evershed flow, that is inwards to the
sunspot, observed during penumbra formation (Schlichen-
maier et al. 2011) can be understood as a result of a re-
connection process between a falling field line and pre-
existing magnetic field in the lower atmosphere because
these field lines are initially connected to lower-pressure
atmospheric layers. These field lines need to be filled with
additional mass when reconnecting from a lower thermal-
pressure regime (in the upper atmosphere) to photospheric
layers outside of the sunspot. The equilibration of this
pressure imbalance requires a short-lived plasma flow along
the penumbral field toward the sunspot during the early
penumbra formation phase. Reconnection outflows along
the separatrix field lines (see Bourdin 2017) may addi-
tionally drive the observed counter-Evershed flows; see the
green arrow in Figure 2.
Romano et al. (2014) find small-scale magnetic patches
of opposite polarity with an upflow farther outside and a
downflow next to the pore. This observational signature
can be expected from a flux tube that just has reconnected
to the photosphere and then equilibrates a pressure differ-
ence between near and away from the pore by a field-aligned
plasma flow, see green arrow in Figure 2.
To further check this idea one should find a correlation of
chromospheric redshifts on the order of some km/s above
the edges and shortly before a forming penumbra, similar to
that shown in Schlichenmaier et al. (2012) – eventually fol-
lowed by a counter-Evershed flow that originates in a newly
created opposite-polarity patch, similar to the observation
in Romano et al. (2014).
6. Conclusions
Standard solar atmospheric models, as established by
Vernazza et al. (1981) and Fontenla et al. (1993), are derived
from estimates of the photospheric magnetic field. The fa-
mous VAL-C model is in this case applicable for a rather
strong surface flux density of 2000 Gauss or more, which
represents the umbra of a sunspot. There, the further as-
sumption of a rather vertical magnetic field is valid, but this
represents only about 2 % of the solar surface. If we con-
sider the large variation in magnetic field inclinations and
surface flux densities, which then represents the whole solar
surface, we find significantly different atmospheric columns
than proposed and used in most earlier works. This ulti-
mately leads to significantly less volume of β being lower
than unity (and hence with magnetically confined plasma)
in the corona than previously thought (see Gary 2001).
As a result, a penumbra may form through field lines that
are filled by cooling material downflowing from the corona
and eventually dragging the field down to the photosphere
by gravitation. This process requires an initially strong
vertical field in order to establish a sufficiently long exist-
ing connectivity to the corona. Hence, the Jurcˇa´k (2011)
criterion of a typical vertical field threshold at the umbra–
penumbra boundary can be explained by such a process
that becomes possible when considering β values larger
and smaller than unity within the lower atmosphere, as
our 3D MHD simulation results suggest. During this pro-
cess we expect counter-Evershed flows in field lines that
magnetically reconnect from the upper atmosphere to the
photosphere.
A Doppler-shift pattern that matches the proposed pres-
sure equilibration after magnetic reconnection from higher
to lower atmospheric layers also is observed near a pore
when the penumbra formation sets in (Murabito et al.
2016).
We also find that gradients in the temperature stratifi-
cation are significantly less strong in the quiet Sun than
directly above strong magnetic polarities with rather ver-
tical magnetic fields. This reduces the energetic coronal
heating requirements above these quiet areas, as compared
to active regions. When considering a mixture of weaker
and stronger magnetic fields in the photosphere, this yields
a wider and less steep transition region for stellar atmo-
spheric stratifications in general.
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